ABSTRACT
INTRODUCTION
The c-Jun NH 2 -terminal kinases (JNKs) are a family of enzymes that are commonly activated in response to stress and hence are also known as stress-activated protein kinases (SAPKs; refs. 1-3). At present, three JNK family members have been identified (JNK1, JNK2, and JNK3). The best-studied target of JNK is c-Jun (4 -7) . JNK phosphorylation of c-Jun at serines 63 and 73 promotes activation of this transcription factor (2, 3) . The c-Jun protein has been implicated in both the induction and prevention of apoptosis (8) . JNK activation of c-Jun is necessary for apoptosis in myeloid and lymphoid cells, because use of a dominant-negative c-Jun mutant blocks programmed cell death in these cells (5) . One possible mechanism to explain how activation of c-Jun may promote cell death involves the induction of the proapoptotic Fas ligand (9) . Still, c-Jun has been shown to regulate numerous cell processes, and whether c-Jun activation promotes or prevents programmed cell death is highly dependent on the given cell type (8) . Thus, it is not surprising that JNK activation alone is not sufficient to induce apoptosis in many cell types (10) .
Early studies to determine the role of JNK in apoptosis have focused on its role as a c-Jun kinase (3) (4) (5) (6) (7) . Recent studies have identified novel targets for JNK, suggesting that this SAPK likely activates other regulatory pathways in addition to those that involve c-Jun. These JNK targets include many proteins that regulate apoptosis, such as BCL2 (11) (12) (13) , Bcl-X L (14) , and Bim (15) . JNK appears to play a key role in the intrinsic (i.e., mitochondria mediated) apoptotic pathway but is not required in the extrinsic (i.e., death receptor mediated) apoptotic pathway, because cells derived from jnk 1 Ϫ/Ϫ jnk 2 Ϫ/Ϫ mice were resistant to killing by intrinsic pathwaymediated pathway stress challenges (e.g., UV), but these cells were still sensitive to Fas (16) . Furthermore, JNK is required for the activation of proapoptotic Bax, cytochrome c release, and caspase activation during UV-induced apoptosis in mouse embryonic fibroblasts (17) . These studies suggest a strong link between stress activation of JNK and activation of the apoptosome via the mitochondria. However, activation of JNK does not always result in cell death. Studies in human lung cancer-derived cell lines indicate that JNK plays a prosurvival role in these cells, and the enzyme contributes to oncogenic transformation (18 -20) .
Cells treated with ceramide may undergo programmed cell death, become growth arrested, or, in rare cases, become stimulated to proliferate. The diversity of biological responses of cells to ceramide reflects the complexity of the role of this sphingolipid as a second signal molecule (21) (22) (23) . Ceramide treatment of A549 cells promotes apoptosis in a caspase-dependent process (24) . Chalfant et al. (25, 26) have discovered that ceramide activates protein phosphatase 1 (PP1) dephosphorylation of serine/arginine-rich proteins, resulting in alternative splicing of at least two critical apoptotic regulators (Bcl-X L and caspase 9). Although JNK is known to be regulated by ceramide, the exact role for this enzyme in ceramide-induced cell death in A549 cells is unknown. The goal of the present study was to determine whether a role for JNK exists in ceramide-induced apoptosis in A549 cells. Results suggest that JNK participates in ceramide-mediated apoptosis by a process that may involve the apoptotic regulatory protein Bim. mmol/L MgCl 2 , 40 mmol/L Kcl, 1 mmol/L phenylmethylsulfonylfluoride, 10 g/mL aprotinin, and 10 g/mL leupeptin] for 30 minutes, aspirated repeatedly through a 25-gauge needle (30 strokes), and centrifuged for 10 minutes at 200 ϫ g at 4°C to pellet nuclei. The supernatant from this spin was centrifuged at 10,000 ϫ g for 18 minutes at 4°C to pellet the heavy membrane fraction containing mitochondria. The resulting heavy membrane supernatant was centrifuged at 150,000 ϫ g for 90 minutes at 4°C to pellet the light membranes, and the remaining supernatant represented the cytosol. Protein concentration was determined using a bicinchonic acid assay kit (Pierce, Rockford, IL). Western blotting using antibodies to JNK and phospho-JNK (Cell Signaling, Beverly, MA), c-Jun and phospho-c-Jun (Cell Signaling), BCL2 (DAKO, Carpinteria, CA), Bcl-X L (Santa Cruz Biotechnology, Santa Cruz, CA), Bim (Calbiochem), actin (Santa Cruz Biotechnology), and prohibitin (Research Diagnostics, Inc., Flanders, NJ) was performed as described previously (27) .
Metabolic Labeling, Immunoprecipitation, and Immunoblotting Analysis. A549 cells were treated with 50 mol/L C6-ceramide for 3 hours during metabolic labeling with 32 P-P i , and Bcl-X L was analyzed by immunoprecipitation by a method similar to that described for studies with BCL2 (27) . Samples were electrophoresed in a 12% acrylamide/0.1% SDS gel, transferred to nitrocellulose, and exposed to Kodak X-Omat film at Ϫ80°C. The same blot was used for Western blotting with anti-Bcl-X L anti-sera and developed using an enhanced chemiluminescence kit (Amersham Pharmacia Biotech, Piscataway, NJ).
Immunohistochemistry Studies. A549 cells were grown and treated with 50 mol/L C6-ceramide for 3 hours in chamber slides. For permeabilization and fixation, cells were treated with paraformaldehyde and methanol. Where appropriate, nuclei were visualized with 4Ј,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR). Cells were washed and blocked with 10% serum PBS, and then primary antibody was added. Antibodies used were phospho-JNK mouse monoclonal sera (Cell Signaling), Bcl-X L/S rabbit polyclonal sera (Santa Cruz Biotechnology), Bim polyclonal sera (Calbiochem), and phosphoc-Jun polyclonal rabbit sera (Cell Signaling). Finally, an Alexa Fluor-conjugated secondary antibody was added, and cells were visualized using a Zeiss Axioplan 2 imaging fluorescence microscope and photographed with AxioCam MRm digital camera in black and white. Alexa Fluor 488-labeled antirabbit serum and Alexa Fluor 594-labeled antimouse serum (both from Molecular Probes) were used. Alexa Fluor 488 appears green, and Alexa Fluor 594 appears red when observed using a fluorescent microscope. To determine subcellular regions of protein colocalization, individual red-and green-stained images derived from the same field were merged using Adobe PhotoShop 7.0 (Adobe, San Jose, CA). Areas of protein colocalization appear yellow. False color, deconvolution, and enhancement were accomplished with Adobe PhotoShop 7.0.
Statistics. Statistical analysis was performed using standard t test analysis with Sigma Stat computer software (SSPS, Chicago, IL).
RESULTS

JNK but not p38
Regulates Ceramide-Induced Apoptosis in A549 Cells. C6-ceramide promotes apoptosis in A549 cells by a caspase-dependent mechanism that can be blocked by overexpression of exogenous BCL2 (24) . Because it is not known if SAPK participates in this process in these cells, studies were performed to determine whether JNK or p38 kinase is required for ceramide-induced killing. Pharmacological inhibitors for JNK (SP600125, 1 mol/L) and p38 kinase (SB 203580, 10 mol/L) were used to determine whether either of these stress signaling kinases can block cell killing by ceramide in A549 cells. SP600125 is a small molecule inhibitor that exhibits high specificity for JNK (28, 29) . Cells were pretreated with 1 mol/L SP600125 or 10 mol/L SB 203580 for 1 hour before addition of 50 mol/L C6-ceramide for 24 hours as described in Materials and Methods. Although the inactive C6-dihydroceramide analogue (50 mol/L) had no effect on cell viability, 50 mol/L C6-ceramide killed approximately half the cells after 24 h (Fig. 1A ). Cells treated with C6-ceramide exhibited morphologic features of apoptosis (e.g., nuclear condensation, membrane blebbing, and cellular debris), whereas untreated cells or cells treated with C6-dihydroceramide appeared healthy (data not shown). As shown in Fig. 1A , inactivation of the JNK kinase by SP600125 significantly protects A549 cells from cell death (P Ͻ 0.001). In contrast to the effects with the JNK inhibitor, suppression of p38 with SB203580 did not significantly protect A549 cells from ceramide (P Ͼ 0.05; Fig. 1A ). To rule out the possibility that our SB203580 drug stock was not active, we treated A549 cells with 10 mol/L SB 203580 for 24 hours and examined p38 activity as indicated by phosphorylation status. As shown in Fig. 1B , SB203580 was effective at blocking p38 activation in these cells. These data suggest a role for JNK but not p38 in ceramide-mediated apoptosis in A549 cells.
Ceramide Promotes JNK Translocation from the Nucleus to the Cytoplasm and Non-Nuclear Membranes. The mechanism by which JNK might regulate apoptosis is not clear. Recent studies indicate the importance of mitochondrial JNK in the apoptotic process (17) . JNK activation and translocation to mitochondria in response to stress challenges have been observed in a number of human leukemia cell lines (30) . To determine whether ceramide could affect JNK subcellular compartmentalization, subcellular localization experiments were performed. Subcellular fractions containing heavy membrane (which contain mitochondrial membranes), light membrane (which contain endoplasmic reticulum, Golgi, and light membranes), nucleus, and cytosolic supernatant were isolated from untreated A549 cells and cells treated with 50 mol/L C6-ceramide for 3 hours as described in Materials and Methods. As shown in Fig. 2A , Western analysis of JNK protein levels revealed that untreated cells had most, if not all, of the JNK protein in the nuclear fraction. Prohibitin, which is localized in mitochondrial and nuclear fractions, was used as a control (31) . After ceramide treatment, a significant amount of JNK was translocated from the nuclear fraction to the heavy membrane fraction containing mitochondrial membranes. Moreover, phosphorylated JNK is detected in all of the membrane fractions after ceramide treatment but only in the nuclear fraction in untreated cells (Fig. 2A) . The level of total JNK in the light membrane and cytosolic fractions is likely below the level of detection for the antibody against the total protein. Consistent with loss of JNK from the nucleus, levels of phosphorylated c-Jun are reduced in the nucleus (Fig. 2A) . To verify that ceramide suppressed nuclear c-Jun phosphorylation, phosphorylated c-Jun was examined by immunofluorescence microscopy in untreated cells and cells treated with 50 mol/L C6-ceramide for 3 hours (Fig. 2B ). Nuclei were visualized by 4Ј,6-diamidino-2-phenylindole staining in both treated and untreated cells. Untreated A549 cells exhibited distinctive nuclear staining with anti-sera against phosphorylated c-Jun, whereas phosphorylated c-Jun was barely visible in nuclei in cells treated with C6-ceramide. The results presented in Fig.  2, A and B , demonstrate that phosphorylation of c-Jun is inhibited by ceramide, and because ceramide is toxic to A549 cells, activation of c-Jun is likely not required for programmed cell death in these cells.
Ceramide Promotes JNK Phosphorylation of Bim but not Bcl-X L . Because ceramide-activated JNK does not target c-Jun in A549 cells, the question remained what effects ceramide would have on phosphorylation of other JNK substrates. A number of newly described JNK targets (e.g., BCL2, Bcl-X L , and Bim) have been identified recently (11) (12) (13) (14) (15) . Although BclII is a JNK target, BclII was not examined, because little, if any, of the protein is detected in A549 cells (data not shown). A metabolic radiolabeling experiment was performed to determine whether Bcl-X L was phosphorylated in A549 cells in response to ceramide (Fig. 3A) . A549 cells were treated with 50 mol/L C6-ceramide for 3 hours during metabolic labeling with 32 P-P i , and the phosphorylation status of Bcl-X L was examined after immunoprecipitation. Western analysis demonstrates that roughly equivalent levels of Bcl-X L protein were immunoprecipitated from control and C6-ceramide-treated samples. As shown in Fig. 3A , A549 cells actually exhibit basal levels of Bcl-X L phosphorylation. Ceramide, however, did not augment Bcl-X L phosphorylation levels as determined by metabolic labeling. This result suggests that Bcl-X L phosphorylation, which is associated with loss of antiapoptotic function (14) , is not involved in ceramide-induced apoptosis in A549 cells.
Recent studies have revealed that JNK phosphorylation of Bim can be visualized by changes in electrophoretic mobility (15, 17) . The electrophoretic migration of Bim is retarded when the protein is phosphorylated by JNK. Western analysis of Bim was performed using protein lysates from untreated cells and cells treated with 50 mol/L C6-ceramide for 3 hours. As shown in Fig. 3B , C6-ceramide promotes Bim phosphorylation. This finding suggests that Bim may be an important JNK target in ceramide-induced apoptosis in A549 cells.
The ability of ceramide to suppress c-Jun phosphorylation while promoting Bim phosphorylation suggests that ceramide might affect substrate targeting by altering subcellular localization of the kinase. To determine how ceramide affected colocalization of JNK with Bcl-X L and Bim, immunofluorescence microscopy was performed. A mouse monoclonal antibody against phospho-JNK and rabbit polyclonal antibodies against Bim and Bcl-X L were used so that cells could be simultaneously stained, and colocalization of JNK with its targets could be examined (Fig. 4) . Staining for phospho-JNK appears red, and JNK target proteins appear green when observed using a fluorescent microscope. Untreated cells display robust nuclear staining with anti-phospho-JNK antibody. There is little, if any, detection of phospho-JNK staining in the cytoplasmic and non-nuclear membranes in untreated cells (Fig. 4) . However, after ceramide treatment, nuclear staining with phospho-JNK is diffuse, and the cytoplasm becomes visible with a punctate pattern of staining, indicating migration to the cytoplasm and small organelles. In untreated cells, Bcl-X L is observed around the nuclear region of the cell. The merged image of untreated cells stained with Bcl-X L and JNK antibodies indicates colocalization of the proteins as observed by bright white/yellow punctuate staining (Fig. 4) . Cells treated with ceramide, however, do not exhibit significant colocalization of Bcl-X L and JNK as demonstrated by the absence of the white/yellow punctate staining pattern. Consistent with the promotion of Bim phosphorylation, ceramide promoted colocalization of Bim and JNK (Fig. 4) . The ability of ceramide to promote subcellular translocation of JNK is in agreement with earlier observations by Kharbanda et al. (30) showing that stress challenges promoted mitochondrial localization of JNK in association with apoptosis. Fig. 2 . Ceramide promotes JNK translocation from the nucleus and suppresses c-Jun phosphorylation. In A, subcellular fractionation studies were performed as described in Materials and Methods. Cells were treated with 50 mol/L C6-ceramide for 3 hours, where appropriate. Western blot analysis using 10 g of protein from each subcellular fraction was performed using anti-sera to JNK, phospho-JNK, phospho-c-Jun, and prohibitin. Lanes, heavy (HM), light (LM), cytosol (CYT), nuclear (NUC) membranes. In B, A549 cells that were untreated or treated with 50 mol/L C6-ceramide for 3 hours were fixed, and then goat phospho-c-Jun polyclonal antibody was added. Fluorescent conjugated secondary antibody was used to visualize protein (green). Cells were counterstained with 4Ј,6-diamidino-2-phenylindole (blue) to identify nuclei. Image analysis was performed as described in Materials and Methods. Fig. 3 . JNK promotes Bim but not Bcl-X L phosphorylation. In A, 2 ϫ 10 7 cells were metabolically labeled with 32 P-P i and lysed, and then protein was immunoprecipitated with Bcl-X L antibody. Where appropriate, cells were treated with 50 mol/L C6-ceramide for 3 hours. Phosphorylation was observed by autoradiography. Western blot analysis was performed to confirm detected bands were Bcl-X L . In B, protein lysate (80 g) from untreated A549 cells or cells treated with 50 mol/L C6-ceramide for 3 hours was used in Western blot analysis using Bim and actin anti-sera. Phosphorylation status of Bim was determined by a retardation of electrophoretic mobility. Recent studies have suggested that Bim migration to the mitochondria is an event associated with apoptosis (15, 17) . To determine whether ceramide promoted mitochondrial translocation of Bim, Western analysis was performed using protein lysates from isolated mitochondrial fractions. Heavy membrane fractions were isolated as described in "Materials and Methods" from untreated cells and cells treated with 50 mol/L C6-ceramide for 3 hours. Although little, if any, Bim is detected in the mitochondria of untreated cells, ceramide promotes Bim translocation to the mitochondria (Fig. 5 ). This migration of Bim to the mitochondria in response to ceramide suggests that this translocation event may be important in ceramide-induced apoptosis in A549 cells.
DISCUSSION
The mechanism of how ceramide activates JNK is not clear. Ceramide may activate SAPK via Rac-1 (32), PKC (33) , or TAK1 (34) . It is also not clear how SAPK-activating pathways are triggered in response to short chain ceramides like C6-ceramide. One possibility involves the conversion of exogenous short chain ceramide to endogenous long chain ceramide (35) . C16-ceramide failed to effectively kill A549 cells, although the drug was able to potently kill HL60 cells (data not shown). It is possible that C6-ceramide in A549 cells promotes the generation of another metabolite that is responsible for JNK activation (e.g., a sphingosine derivative) or that C16-ceramide fails to penetrate A549 cells to reach critical target regions (i.e., the nucleus). The latter possibility is supported by studies in human kidney proximal tubule cells and HCT116 human colon cancer cells, where it was found that short chain ceramides were toxic and long chain ceramide was not and that exogenous C16-ceramide did not reach intracellular locales, because the molecule mainly accumulated in the light membrane (36, 37) . Although the exact mechanism is not clear, a model whereby JNK is activated by C6-ceramide via the production of long chain ceramides is supported by the study demonstrating that exogenous C6-ceramide promotes the production of endogenous C16-ceramide and C24-ceramide in A549 cells (35) .
Previous studies have demonstrated that C6-ceramide-induced apoptosis involves caspase activation, although little else is known of the signaling pathways involved in this process (24) . Ceramide has been shown to activate the PP1 (25, 26) and affect telomerase activity (35, 38) in A549 cells; however, the effect of C6-ceramide on wellcharacterized ceramide targets, such as the SAPKs or the PP2A, in these cells is unknown. Ceramide-induced killing of A549 cells appears to require JNK but does not require the p38 kinase (Fig. 1A ). JNK appears activated in untreated cells, although active enzyme appears to be limited to the nucleus ( Fig. 2A and Fig. 4 ). The cells display basal levels of phosphorylated c-Jun, suggesting that this transcription factor may play a prosurvival role in these cells (Fig.  2B) . JNK has been shown to activate either prosurvival or prodeath signaling cascades depending on the mode of how the enzyme itself is regulated (39) . The finding that nuclear JNK is normally active in A549 cells whereas ceramide promotes translocation of the enzyme from the nucleus in association with death suggests that there are both prosurvival and prodeath JNK pathways in A549 cells.
Interestingly, A549 cells displayed basal levels of phosphorylated Bcl-X L (Fig. 3A) . This finding suggests that phosphorylated Bcl-X L is not detrimental to these cells. Another BCL2 family member, Bim, is one of the more recently identified targets of JNK (15, 17) . The observed ceramide-induced phosphorylation of Bim by JNK in A549 cells suggests a mechanism by which JNK might participate in ceramide-mediated apoptosis in these cells. Lei and Davis (15) have demonstrated recently that JNK is a Bim kinase and that phosphorylation of Bim may be sufficient to cause Bax-induced apoptosis. JNK phosphorylation of Bim promotes its release from a cytosolic Dynein/ Myosin V complex (15) . The significant increase in cytosolic phosphorylated JNK in response to ceramide in the A549 cells is consistent with the detection of Bim phosphorylation. Furthermore, the ability of ceramide to potently promote Bim translocation to the mitochondria (Fig. 5) suggests this may be an important event in ceramide-induced apoptosis in these cells. Still, the role of JNK in apoptosis is controversial. In some cell types (e.g., fibroblasts, cells derived from various regions of the brain) suppression of JNK promotes chemoresistance (16, 40) . Conversely, JNK may play an antiapoptotic role in some cell Fig. 5 . Ceramide promotes Bim translocation to the mitochondria. In A, cells received 50 mol/L ceramide for 3 hours, where appropriate. Heavy membrane fractions containing mitochondrial membranes were isolated as described in Materials and Methods. Western blot analysis using 10 g of mitochondrial protein was performed using anti-sera to Bim and prohibitin. types, such as in thymocytes and mature T cells (41) . The findings reported here suggest that JNK has the capacity to be either prosurvival or proapoptotic depending on conditions. Still, it is tempting to speculate that the subcellular translocation of JNK in response to growth agonist or stress challenge will determine which potential signaling pathways are activated resulting in growth or death, respectively.
